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ABSTRACT
The work reported demonstrates an simple method of extracting cellulose nanofibers (CNF)
from cellulose microfibers (CMF) obtained from the plant Stipatenacissima. Here, a method
for the production of CNF from CMF extracted from Alfa grass by exfoliation in polyvinyl
alcohol (PVA) solution, is demonstrated. The CMF were produced in powder form and
exfoliated in PVA aqueous solution to produce composites with 2, 4, 5 and 10 wt-% of CNF.
Scanning Electron Microscopy demonstrated exfoliation of CMF, dispersion of the CNF and
wetting by the polymer. The composites were characterised by thermogravimetry,
differential scanning calorimetry, X-ray diffraction and tensile testing. The addition of CNF to
PVA reduced the crystallinity degree of PVA. The large increase of the Young’s modulus from
38 to 113% (relative to pure PVA) for composites with 2 to 10 wt-% of CNF incorporation is
consistent with the extensive exfoliation of CMF into CNF and its excellent interface with PVA.
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In these few last decades, there is a growing interest in
nanomaterials and fabricating products based on natu-
ral resources that can reduce the dependence on fossil
fuel and decrease the pollution impact [1,2]. In parallel,
researchers have focused their works on designing and
producing bio-nanocomposite materials which are a
new generation of nanostructured hybrid materials
containing natural fillers with at least one dimension
smaller than 100 nm [3–6].
The use of cellulose nanofibers (CNF) as a reinfor-
cing agent in polymer nanocomposites has drawn an
increasing attention because of their biodegradability,
renewability, low density, nontoxicity, high stiffness,
low cost and their high surface area to volume ratio
[7–9].
Currently, CNF can be produced from various
resources, such as wood [10], cotton [11], ramie [12],
bacterial cellulose [13] and microcrystalline cellulose
[14,15] using different methods such as the acid
hydrolysis process [16–18] which is the most common
preparation method employed to extract CNF, high
pressure homogenisation [19–21] and cryocrushing
[22,23].
Recently, the application of ultrasounds to cellulose
fibre suspensions has been used in order to extract CNF
[24–26]. All these methods lead to different types of
CNF, depending on the cellulose raw materials, its
pre-treatment, and on the disintegration process [27].
The use of Alfa fibres to produce nanocomposites
using thermoplastic materials has been recently pub-
lished [28–30].
With the aim of developing and improving the
properties of a new nanostructured green hybrid
material and valorising natural resources in the less
industrialised countries, we investigated the prep-
aration of nanocomposites reinforced with cellulosic
nanofibers extracted from Tunisian Alfa plants.
Polyvinyl alcohol (PVA)-based nanocomposites
have been considered as an attractive choice in tissue
scaffolding, filtration materials, membranes, optics,
protective clothing, enzyme immobilisation, drug
release hydrogel, membrane material for chemical sep-
aration, barrier membrane for food packaging,
pharmaceutical component, manufacturing material
for artificial human organs and biomaterials [31–34].
It is a water-soluble polymer and is considered as a
good candidate for the fabrication of composites
reinforced with CNF.
The extraction of CNF from the bleached and
delignified Alfa fibres was described by Ben Mabrouk
et al. [35]. In this work, a new procedure has been fol-
lowed to form CNF from the dried cellulose
microfibers (CMF) extracted from Alfa fibres and
incorporated in PVA. The nanocomposite and the
CNF were obtained via the ultrasonication of their aqu-
eous suspensions and were fully characterised by scan-
ning electron microscopy (SEM), differential scanning
calorimetry(DSC), thermogravimetric analysis (TGA),
X-ray diffraction (XRD) and tensile tests. The results
© 2018 Institute of Materials, Minerals and Mining Published by Taylor & Francis on behalf of the Institute
CONTACT Maria C. Paiva mcpaiva@dep.uminho.pt Department of Polymer Engineering, Institute for Polymers and Composites, University of Minho,
4800-058 Guimarães, Portugal
PLASTICS, RUBBER AND COMPOSITES
2018, VOL. 47, NO. 7, 297–305
https://doi.org/10.1080/14658011.2018.1479822
obtained demonstrate a simple and ecological method
to exfoliate CMF powder, extracted from Alfa grass,
into CNF in PVA solution. Total exfoliation of CMF
is achieved, forming stable CNF suspensions in PVA
even at high CNF loadings. Moreover, the nanocompo-
site films formed show transparency and an excellent
CNF/PVA interface, maintaining biocompatibility
and largely increasing mechanical performance, open-
ing vast possibilities in biomedical applications.
Experimental
Materials
Alfa stems collected in the region of Kasserine (Tuni-
sia) were used as raw material for extraction of CNF.
PVA (PVA05-99 from SUNDY) was used as a matrix
in all composites.
Isolation of CMF from Alfa
The extraction of CMF from Alfa plant was carried out
following a protocol that was described by Ben Brahim
and Ben Cheikh [28] and Gherissi et al. [30].
This process consists of cooking the plant stem in a
3N NaOH solution for 2 h under atmospheric pressure
and a temperature of 100°C then bleaching in a 50%
(v/v) NaClO solution for 1 h. The fibres obtained
were washed abundantly with water until pH 7 and
dried at 80°C for 48 h.
The obtained Alfa paste was hydrolysed in a 50%
(v/v) sulphuric acid solution for 30 min at 70°C, the
excess of sulphuric acid was removed from the sedi-
ment by repeated cycles of centrifugation for 15 min
at 10000 rev min−1. After acid hydrolysis and centrifu-
gation, the cellulosic microfibers were dried for 24 h at
40°C, crushed to a fine powder, and investigated for
morphology by SEM and XRD.
Preparation of CNF and PVA/cellulose nanofiber
composites
A new procedure for the preparation of CNF and PVA
nanocomposites was implemented that consisted on
mixing the CMF powder obtained as described in the
previous section directly with the polymer solution,
and treating the obtained suspension with ultrasounds
for 1 h. The CMF exfoliation was induced and the CNF
were dispersed in the polymer solution as soon as they
were formed.
The preparation of the polymer solution was carried
out by dissolving 2 g of PVA in 100 mL distilled water
at 90°C and magnetic stirring for 1 h. Different weights
of the CMF powder were added to the PVA solution,
magnetically stirred for 15 min and sonicated for 1 h
using a Hielscher Ultrasonic processor UP100H
equipped with a sonotrode MS2. The homogeneous
suspensions were cast on glass plates and dried at
room temperature for 24 h. The nanocomposite films
were produced with nominal CNF weight of 2, 4, 5
and 10%, and the composites were labelled PVA/
CNF2, PVA/CNF4, PVA/CNF5 and PVA/CNF10,
respectively. An alternative procedure for the CNF
and composite production was carried by preparing
an aqueous suspension of CMF previously obtained,
applying ultrasounds for 2 h and then adding to the
polymer solution to produce a nanocomposite with
nominal 4 wt-%CNF, for comparison with the PVA/
CNF composites prepared by direct mixing in the poly-
mer solution.The XRD analysis performed (see sec-
tions ‘X-ray diffraction’ and ‘X-ray diffraction
analysis’) allowed the exact determination of the CNF
content achieved in each composite prepared. How-
ever, the nomenclature for composite designation was
kept as indicated above.
Characterisation
Scanning electron microscopy
SEM observation was performed oncryo-fractured
samples. The composite films were immersed in liquid
nitrogen and fractured for the observation of the cross-
section. The cryo-fractured surfaces were coated with a
thin layer of gold and observed by SEM on a NanoSEM
FEI Nova 200 microscope.
Thermogravimetric analysis
The thermal stability of both pure PVA and nano-
composite films was investigated by thermogravi-
metric analysis on a Q500 equipment from TA
Instruments. The samples were heated from 40 to
800°C, at a heating rate of 10°C min−1. The tests
were performed under a constant nitrogen flow of
60 mL min−1.
Differential scanning calorimetry
DSC analyses were performed under nitrogen flow
in the temperature range of 0–250°C on a Perkin
Elmer Diamond Pyris equipment. Samples were
heated to 250°C and held at that temperature for
2 min, in order to remove any previous thermal his-
tory, then cooled from the melt to 0°C, and heated
again to 250°C, the scanning rates for heating and
cooling during DSC measurements were set at 10°
C min−1.
According to Young Yu et al. [36], the degree of
crystallinity (χC) of the polymer before and after the




(1−F)× DH100 × 100 (1)
where Ф is the weight fraction of the CNF in the
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composites, ΔHm is the melting enthalpy of the ana-
lysed samples (J g−1), and according to Jelinska et al.
[37], ΔH100 was considered as138 J g
−1 for the melting
enthalpy of 100% crystalline PVA.
X-Ray diffraction
PVA, CNF and their composites were analysed by XRD
on a Bruker D8 Discover using a Cu Kα radiation with
a Ni filter. The X-ray data were fitted with Gaussian
functions for the PVA and cellulose reinforcement
individually. The composites data were fitted using
the PVA and cellulose individually fitted profiles, and
the resulting data were used to estimate the CNF
content.
Tensile tests
Tensile properties of nanocomposite films were
measured according to ASTM D882. Tensile tests are
carried out at ambient conditions on an Instron 4505
universal testing machine. The test specimens were rec-
tangular, with 5 mm width and an approximate
thickness of 70 µm, and were tested at an initial
gauge length of 30 mm. The exact specimen thickness
was measured immediately before the test was per-




Figure 1. A and B show SEM micrographs of Alfa
CMF after chemical treatment. Most of the Alfa
stem’s components were dissolved, leaving the
smooth, individualised and uniform cellulose fibres,
showing that the chemical treatment with sodium
hydroxide and sulphuric acid did not destroy the cel-
lulose fibres [27]. The electron micrograph revealed
that before ultrasonication the cellulose filaments pre-
sented a diameter in the scale of tens of micrometres
(Figure 1(a,b)). From Figure 1(b), the cross-section of
the singular microfiber shows that this fibre is itself
Figure 1. SEM micrographs of: (A) purified CMF; (B) cross-section of a CMF after acid hydrolysis; (C,D) cross-section of PVA reinforced
with 10 wt-% CNF.
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tubular and the wall is composed of fibrils with very
small dimension. This observation is in accordance
with the literature indicating that the fibrils are
linked to each other by intermolecular hydrogen
bonds [5].
Figure 1(c,d) shows that the nanocomposites
reinforced with10 wt-% of CNF reveal a good distri-
bution of the nanofiller in the PVA matrix which was
homogeneously dispersed. The fractured surface was
smooth and did not show the presence of large
micron-scale fibres (Figure 1(c)), containing mostly
CNF that were well distributed and embedded in the
matrix, demonstrating a good CNF/PVA interface
(Figure 1(d)). Similar results were observed for the
composites with lower CNF compositions.
Considering the size of the filament tips observed
along the cross-section of the composite cryo-fracture,
it may be concluded that the CMF went through an
exfoliation process, yielding CNF with diameters in
the order of 40 nm. Even for the larger CNF concen-
tration 10 wt-% (Figure 1(d)), there was no observation
of CNF agglomeration at the micron scale.
Thermogravimetric analysis
Figure 2(a,b) presents the TGA and corresponding
derivative (DTG) curves of CNF showing two stages
of weight loss within the temperature range 40–550°C.
The first thermal degradation stage is observed within
the temperature range 100–250°C and the second
within 250–550°C, due to the degradation processes of
cellulose, such as dehydration, decarboxylation, depoly-
merisation and decomposition of glycosyl units, [27] as
shown on the DTG curve (Figure 2(b)), the maximum
degradation rate occurs at approximately 190°C for
the first degradation step.
Figure 2 presents the TGA and corresponding DTG
curves for CNF (cellulose) (A and B), and the TGA and
corresponding DTG curves for PVA and PVA/CNF
nanocomposite films (C and D). The relevant degra-
dation temperatures obtained from the TGA analysis
are presented in Table 1. It was observed that PVA
and its nanocomposites present three major weight
loss steps within the temperature range 40–550°C.
First, a drying stage occurs within the temperature
range 40–115°C due to the evaporation of adsorbed
moisture that may account for 5–6% of the weight
loss.Thermal degradation of PVA occurred in two
stages, within the temperature ranges of 150–380°C
and 380–550°C. The first stage involves a weight loss
of approximately 74% (Table 1), and may correspond
to degradation of PVA via elimination of water from
PVA molecules and formation of a polyene intermedi-
ate; during the second thermal degradation stage the
polyene may be subjected to chain scission and mol-
ecular degradation corresponding to approximately
Figure 2. TGA and corresponding DTG curves for CNF (cellulose) (A,B);TGA and corresponding DTG curves for PVA and PVA/CNF
nanocomposite films (C,D).
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15% of weight loss, leaving a solid char residue, in
agreement with the results reported by Yuwawech
et al. [38]
The nanocomposites present two degradation steps
within the temperature range of 150–550°C, showing
the first PVA/CNF degradation step shifted to a con-
siderably higher temperature compared to neat PVA.
Thus, the addition of increasing amounts of CNF to
PVA induced a progressive increase in degradation
temperature compared to neat PVA, and a decrease
in the degradation rate. This observation is in line
with the results reported by Li et al. [18].
Figure 2(d) shows that the temperature of maxi-
mum decomposition rate increased from 272.5°C for
neat PVA to 339°C (Table 1) for PVA/CNF10, while
the decomposition rate decreased after the addition
of CNF. These effects may be ascribed to the restriction
of mobility of PVA chains caused by the homogeneous
distribution of CNF in the polymer previously
observed in SEM images (Figure 1), as well as to a
barrier effect of the nanofillers to the diffusion of the
decomposition gases. Similar effects were observed in
other studies [39,40].
Differential scanning calorimetry
Crystallinity is an important parameter, which can
greatly affect the physical properties of polymers.
Therefore, the crystallization behaviour of neat PVA
and the nanocomposites with various CNF contents
was investigated by DSC.
The DSC thermograms of neat PVA films and nano-
composites are shown in (Figure 3). The crystallinity of
PVA was calculated from the DSC curves and the
results are presented in Table 2. Table 2 summarises
the major thermal parameters obtained from the
DSC thermograms, namely the melting enthalpy
(ΔHm), the degree of crystallinity (χc) and the glass
transition temperature (Tg). The melting enthalpy
reduced from 66.1 to 42.6 J g−1, corresponding to a
decrease of the degree of crystallinity from 47.9 to
34.3%, for neat PVA and for PVA reinforced
with10% CNF, respectively. As discussed above for
the TGA results, this may be a consequence of the lim-
ited mobility of PVA chains in the presence of CNF,
disturbing the ability for molecular organisation,
resulting in a decrease of the overall polymer crystalli-
nity in the nanocomposites. In this work, the melting
temperature decreased from 225.9°C for neat PVA to
219.5°C for PVA reinforced with 10% CNF, illustrating
the lower lamella thickness of PVA crystals caused by
the addition of CNF to the polymer, and this is consist-
ent with the studies elaborated by Yu et al. [36] and
Ten et al. [40].
The glass transition temperature increased from
73.5°C for neat PVA to 77.1°C for PVA reinforced
with 10 wt-% CNF, and this trend is also in agreement
with restrained mobility of PVA chains after the
addition of CNF. Similar results were reported in
other studies [41,42].
XRD analysis
XRD analysis of the neat PVA polymer, the neat
CMF, and neat CNF and the PVA/CNF nanocompo-
sites, produced the intensity profiles presented in
Figure 4(a,b). CNF were obtained after treating an
aqueous suspension of CMF with ultrasounds and
drying the exfoliated product. Both neat CMF and
neat CNF X-ray profiles present three peaks, as
depicted in Figure 4(a), the two peaks at 15.4° and
16.6° in 2θ appear for both materials, however
with different intensity ratios indicate that the ultra-
sound removed part of the amorphous portion of
CMF [43]. The higher intensity peak at 22.8° in 2θ
has similar characteristics for CNF and CMF
Table 1. Thermal parameters obtained from the TGA/DTG




















Table 2. Thermal characteristics of PVA and its nanocomposites
obtained from DSC.
Tg (°C) Tm (°C) ΔHm (J g
−1) χc (%)
PVA 73.5 225.9 66.1 47.9
PVA/CNF2 73.2 224.1 55.1 40.7
PVA/CNF4 78.6 224.0 45.9 34.7
PVA/CNF5 78.0 223.8 49.5 37.7
PVA/CNF10 77.1 219.4 42.6 34.3
Figure 3. DSC curves obtained for neat PVA and PVA/CNF
nanocomposite films.
PLASTICS, RUBBER AND COMPOSITES 301
showing the crystallinity of both cellulosic nanofi-
bers and cellulosic microfibers. These diffraction
three peaks are typical of cellulose I according to
Hasan et al. [44,45].
The PVA/CNF composites X-ray profiles obtained
were fitted with the individual profiles of PVA and
CNF to estimate the weight % reinforcement content.
A composite with 4 wt-% of CNF was prepared by
mixing a CNF suspension, previously obtained by
exfoliation of CMF in water using ultrasounds, with
the PVA solution. This procedure for composite
preparation was compared to the procedure described
in the experimental section (direct addition of the
CMF powder to the PVA solution and exfoliation
by ultrasounds). Both procedures yielded similar
CNF contents and formed homogeneous composites,
as those depicted in Figure 1.
X-ray profiles of the PVA–CNF composites,
(Figure 4(b)), present the characteristic peak of the
polymer and a small peak at 22.8° in 2θ from the
CNF [43–45] that increases with increasing CNF con-
tent. The content values obtained from the fitting of
the composites X-ray profiles are presented in (Figure
4(b)) next to the respective line (2.9, 6.8, 7.1 and
13.1)%, and are systematically higher than the target
content of the nanocomposite (2, 4, 4 and 10)%, these
variations are attributed to the experimental pro-
cedures. The application of ultrasounds on the CMF
suspension before addition to the polymer solution
does not affect the dispersion of CNF in the polymer
and thus is not required for the nanocomposite prep-
aration, showing that the major factor for the suc-
cessful exfoliation of CMF into CNF is related to
the strong interactions between CNF and PVA in
aqueous solution.
Tensile testing
The mechanical properties of PVA and nanocomposite
films were characterised by tensile testing. Figure 5
illustrates the stress–strain curves of PVA and its
nanocomposites.
A significant increase of the Young’s modulus was
observed for the composites relative to pure PVA
after the addition of CNF, as depicted in Figure 6.
The addition of only 2 wt-% of CNF induced an
increase of 38% in the Young’s modulus, while the
addition of 5 and 10 wt-% of CNF led to increases of
75 and 113%, respectively. The large increase observed
in the composite modulus is due to the excellent mech-
anical properties of the CNF. The CNF constitute the
reinforcing phase of the CMF, and the mechanical
properties of the latter were evaluated experimentally,
demonstrating a tensile modulus near 20 GPa and ten-
sile strength higher than 240 MPa [46]. Additionally,
the chemical compatibility of CNF and PVA due to
the presence of hydroxyl groups in the composition
Figure 4. Wide-angle XRD patterns of (A) PVA, CMF and CNF; (B) PVA composites with different CNF composition.
Figure 5. Stress–strain curves of neat PVA and its nanocompo-
site films.
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of both materials and the possibility of strong hydrogen
bonding between the PVA hydroxyl groups and cellu-
lose results in good adhesion, as demonstrated by SEM
observations (Figure 1). Considering all these aspects
and the good dispersion of CNF in PVA even at high
CNF concentration, the large improvement in compo-
site mechanical properties as well as thermal properties
previously studied by TGA (Figure 2) was expected
[38–47].
The tensile strength of the composites showed little
improvement at low CNF content, however, at higher
content, the improvement reached 41% relative to
pure PVA.
Finally, the composites strain at break was observed
to decrease considerably with the increase in CNF con-
tent. A large decrease in ductility is expected for com-
posites formed by a ductile matrix and a highly stiff,
brittle reinforcing phase. The CNF properties are trans-
ferred to the composite, and this transfer is more effec-
tive when there is a high level of adhesion between the
polymer and nanofilament (Figure 1). Since the CNF
are stiff, brittle and strongly interacting with the PVA
molecules at the interface, these molecules lose
mobility as was previously interpreted and the compo-
site elongation at break as well as other thermal par-
ameters previously studied decreases extensively as
the CNF content is increased [39].
Conclusions
CMF were prepared from Alfa fibres by application of a
soda process followed by acid hydrolysis. The CMF
powder obtained was then mixed with PVA aqueous
solution at CMF contents ranging between 2 and
10%, ultrasounds were applied to induce the separation
of CMF into the individual CNF. Transparent, homo-
geneous nanocomposite films were produced by sol-
vent casting. SEM observation demonstrated the
absence of CMF that were exfoliated into CNF, which
were well distributed and dispersed in the PVA matrix.
DSC analysis indicated a decrease in PVA crystallinity,
while the glass transition temperature increased with
CNF content. TGA results showed that the addition
of CNF increased the thermal stability of PVA compo-
sites. XRD results showed differences in the intensity
profiles obtained for CMF and CNF, and allowed
Figure 6. Young’s modulus (E), tensile strength (σ) and strain at break (ε) of neat PVA and PVA/CNF nanocomposite films.
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determining the exact CNF content of the nanocompo-
sites. The addition of CNF to PVA largely improved
the mechanical properties of the nanocomposites,
increasing the Young’s modulus and the tensile
strength by 113 and 41%, respectively, for composites
with 10 wt-% CNF.
The main conclusion of this work is that CMF pro-
duced from Alfa grass form CNF simply by mixing in
PVA solution and applying ultrasounds for a short
period. The CNF produced present an excellent mech-
anical reinforcement effect while maintaining film
transparency. These nanocomposite films with
enhanced properties maintain the biocompatibility
characteristics of PVA, opening vast possibilities in
biomedical applications.
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